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Abstract. We report on the investigation and successful application of the bichromatic cor-
relation of optical and microwave signals for determining the area-averaged correlation of
temperature–humidity ﬂuctuations. The additional technical eﬀort is marginal compared to
the common ‘two-wavelength method’, which has (in contrast) the restriction that only two of
the three relevant meteorological structure parameters can be deduced. Therefore, in the past,
it was often assumed that the turbulent humidity and temperature ﬂuctuations are perfectly
positively or negatively correlated. However, as shown in this study, over non-homogeneous
terrain when the ﬂow conditions are not ideal, this assumption is questionable. The mea-
surements were analysed statistically, and were compared to in situ measurements of the
Bowen ratio Bo and the correlation of temperature–humidity ﬂuctuations using eddy-
covariance techniques. The latter is in good agreement to that derived by scintillometry. We
found that the correlation is not ±1 but as low as )0.6 for Bo smaller than )2, and up to 0.8
for Bo larger than 1.
Keywords: Area-averaged ﬂuxes, Bichromatic correlation, Correlation of temperature–
humidity ﬂuctuations, Electromagnetic waves, Heterogeneous land surface, Microwave and
optical scintillometer.
1. Introduction
Many applications in meteorology and the atmospheric sciences demand
continuous measurements of turbulent surface heat ﬂuxes that are repre-
sentative of extended areas. Over heterogeneous terrain, local point mea-
surements, using proﬁle or eddy-covariance techniques, are not suitable, and
it has been found that scintillometry appears to be a reliable method for
measuring spatially averaged ﬂuxes (e.g. Beyrich et al., 2002; Meijninger et
al., 2002a, 2002b, and references therein).
In order to measure sensible and latent heat ﬂuxes using scintillometry,
several investigations have been carried out to date by applying the so-called
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two-wavelength method (e.g. Kohsiek and Herben, 1983; Hill et al., 1988;
Andreas, 1989; Hill, 1997; Green et al., 2000, 2001; Meijninger et al., 2002a).
With this method the path-averaged refractive index structure parameter C2n
is measured at two wavelengths ki simultaneously. The parameter C2n can be
expressed as
C2ni ¼ A2i C2T þ 2AiBiCTq þ B2i C2q; ð1Þ
with the three unknowns, the temperature structure parameter C2T, the
(speciﬁc) humidity structure parameter C2q and the temperature–humidity
structure parameter CTq. The constants Ai=A(ki, P, T, q) and Bi=B(ki, P, T,
q) depend on the mean temperature (T), the air pressure (P), the speciﬁc
humidity (q) and the electromagnetic wavelength (ki). With measurements of
C2n at only two wavelengths, it is impossible to ﬁnd all three meteorological
structure parameters, which is a serious disadvantage of the two-wavelength
method. Thus it can only be applied by assuming that the three parameters
are not independent, and it is often assumed that CTq ¼ ðC2TC2qÞ1=2,
implying that the correlation coeﬃcient
rTq ¼ CTqﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
C2TC
2
q
q ð2Þ
between temperature and humidity ﬂuctuations is assumed to be ±1 (e.g.
Kohsiek and Herben, 1983; Hill et al., 1988; Andreas, 1989; Hill, 1997; Green
et al., 2000, 2001; Meijninger et al., 2002a). In fact, this assumption is the-
oretically demanded for a ﬂow that strictly obeys the Monin-Obukhov
similarity theory (MOST) (Hill, 1989). For non-ideal ﬂow conditions, the
assumption of CTq ¼ 
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
C2TC
2
q
q
is not always justiﬁable, and, especially over
non-homogeneous terrain, the strict validity of MOST and hence the perfect
temperature–humidity correlation is rather questionable (Andreas, 1987;
Andreas et al., 1998; De Bruin et al., 1993). Therefore it would be a con-
siderable advantage to know also the parameter CTq independently. There-
with more accurate determinations of C2T and C
2
q should be feasible, leading
to better heat ﬂux estimates. Furthermore, it is thought that scalar–scalar
correlations are especially sensitive to violations of MOST (Hill, 1989; An-
dreas et al., 1998). Thus, measurements of CTq, together with C
2
T and C
2
q,
would also be well suited to answering fundamental questions about the
MOST validity and applicability.
In order to determine all three meteorological structure parameters in (1)
three independent C2n measurements should be available; this demand could
be met by the ‘three-wavelength method’ (Phelps and Pond, 1971; Hill et al.,
1988; Andreas, 1990; Hill, 1997), Unfortunately, it is not easy to ﬁnd three
independent wavelengths in available electromagnetic spectral regions. In
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addition, Andreas (1990) showed theoretically that the accuracy of CTq by
this method is poor, and it would be a rather costly experimental exercise,
since at least three scintillometers are needed. These may be reasons why the
three-wavelength method never has been experimentally applied.
As suggested by Lu¨di (2002), another possibility of measuring path-
averaged values of CTq is by cross-correlating two electromagnetic signals at
diﬀerent wavelengths that pass through the same volume of air. Thereby the
eﬀects of refractive dispersion on the bichromatic correlation have to be
taken into account. Because only the powers (or the intensities) of the two
signals (and not the electromagnetic ﬁelds) must be correlated, the additional
technical eﬀort is marginal compared to the common two-wavelength
method.
The cross-correlation between two signals at diﬀerent wavelengths has
already been discussed (Hill, 1988; Hill and Lataitis, 1989) in order to
determine the inner scale of turbulence. However, to our knowledge, the
determination of CTq through this technique has not been previously anal-
ysed and tested.
In this paper, we present measurements collected from 15 April 2003 to 29
May 2003 in Lindenberg (Germany), carried out in clear air conditions (with
the propagation path free of hydrometeors) with two scintillometers at
wavelengths of 940 nm and 3.2 mm. With the correlation of the two signals,
we infer therefrom three quantities, the two monochromatic variances and
the bichromatic covariance, by which C2T, C
2
q and CTq can be extracted. The
detailed description of our experimental set-up is outlined in Section 2, and
the theoretical derivation of the measurable quantities is given in Section 3. A
sensitivity analysis of the measurable quantities is given in Section 4. The
measured correlation of path-averaged temperature–humidity ﬂuctuations is
discussed in Section 5, followed by conclusions in Section 6.
As far as we know, the current investigation presents the ﬁrst path-aver-
aged measurements of turbulent temperature–humidity correlations.
2. Description of the Experiment
The study region is a heterogeneous landscape around the Meteorological
Observatory Lindenberg of the Deutscher Wetterdienst (DWD) 65 km
south-east of Berlin, Germany. The land use in the area is composed of forest
(42%), agricultural ﬁelds (41%), lakes (6.5%), meadows (5%) and villages
(3.5%), and is quite typical of large parts of northern central Europe south of
the Baltic Sea. A more detailed description of the landscape (including maps)
is given in Beyrich et al. (2002).
As mentioned in Section 1, two scintillometers, one in the optical to near-
infrared region (wavelength k = 940 nm) and a second in the millimeter
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region (k =3.2 mm), are operated over a path length of 4.7 km in a north-
south orientation. The microwave and optical scintillometers have antenna
diameters of 0.4 and 0.15 m, respectively, which are identical for transmitters
and receivers. Both scintillometers have diverging beams with full power
beam widths of approximately 1 degree, and have been installed on two
permanent towers. Many technical details about the optical instruments can
be found in Moene et al. (2005). The receivers (north end of path) are
mounted at the top of a 30-m tower and the transmitters are installed at a
height of 50 m on the 99-m meteorological tower near Falkenberg. The
eﬀective height of the propagation path is 45 m above ground (Beyrich et al.,
2002).
As mentioned above, both electromagnetic beams are required to cross the
same air volume and therefore the two beams should be as close to each other
as possible. If both beams are focused by the same antenna dishes, we obtain
the best possible conﬁguration. However, this set-up usually cannot be rea-
lised, and an acceptable and realistic set-up is shown in Figure 1. The dis-
tance between the optical axis of both transmitters should be as small as
possible, and the same is true for the receivers; additionally, the beams should
intersect in the middle of the path. In our set-up this latter conﬁguration was
realised only approximately, as the mounting possibilities on the 99-m tower
were critical. The relative positions of the transmitters and receivers with
respect to each other are dT=(y, z)=(0.25, )1) m and dR=(y, z)=(0, 0.5) m
(cf. Figure 1). As will be shown in the next section, the performance of this
set-up is not much worse than the optimal conﬁguration.
For the analysis presented here, measurement periods of 10 min were
used. This choice is a compromise between stationarity and statistical sig-
niﬁcance (Caccia et al., 1987); if the period is too long, the assumption of
atmospheric stationarity may be violated, and if the period is too short the
statistical weight of the estimations is very poor.
Figure 1. Schematic view of the measurement conﬁguration. The microwave and optical
beams are shown as dashed-dotted lines, respectively. The relative positions of the transmit-
ters and receivers are dT=(y, z)=(0.25, )1) m and dR=(y, z)=(0, 0.5) m.
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The data shown herein were obtained during clear air conditions. Thus,
any data obtained during precipitation or during fog (leading to a low optical
signal) were rejected. In addition, according to the saturation criteria of Ochs
and Hill (1982) and Wang et al. (1978), data that may be contaminated by
saturation of scintillation were eliminated. In this study also, measured
vertical gradients of speciﬁc humidity and temperature are used (cf. Section
5). As several in situ meteorological stations are available we also rejected
measurements when the gradients derived by diﬀerent stations were not equal
to within a factor of 2.
Before computing the variances and the covariance of the measured sig-
nals, we bandpass ﬁltered them. The optical signal was split into two parts,
which were diﬀerently ﬁltered; one part of the optical signal was used to
determine the signal variance and the other part was used to determine the
cross-covariance between optical and microwave signals. As the latter part of
the optical signal was ﬁltered the same as the microwave signal it is not
discussed explicitly. The upper frequency cut-oﬀs of the signals are deter-
mined by the receiving hardware: the received microwave signal was low-pass
ﬁltered at f=20 Hz and sampled at f=40 Hz (Nyquist theorem). The
respective frequencies for the optical signal are higher by a factor of 20.
According to the theoretical model (Section 3 and Figure 3), scintillations at
microwave wavelengths dominate for 0:04[ f=v[10m)1 and scintillations
at optical wavelengths for 0:1[ f=v[ 100 m)1,with f the temporal frequency
and v the wind velocity component transverse to the propagation path. With
v equal to several m s)1, signal ﬂuctuations due to turbulence are expected at
k1=940 nm only in the range of 0.2 <f<400 Hz and at k2=3.2 mm for 0.06
< f <20 Hz. These ranges hence reveal the bandpass ﬁltering of the signals.
The suppression of low-frequency ﬂuctuations eliminates gain drifts of the
instruments and changes of the atmospheric opacity. Furthermore, as shown
in Appendix B, absorption-induced ﬂuctuations are also suppressed. The
ﬁltered signals are used thereafter to compute the 10-min averaged variances
and the covariance. These values will be compared with the theoretical
expressions, to be derived in the following section.
3. Theoretical Background
3.1. THE COVARIANCE FUNCTION OF POWER FLUCTUATIONS
The signals are collected by receivers with extended apertures, where the
collected power P of a receiver is the integrated intensity I over the aperture
area of the incident electromagnetic wave. Thus the covariance function BP
of the normalised power P detected by two receivers, with collecting circular
apertures
P
R1 and
P
R2 of radius RR1 and RR2, is given by
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BPðk1; k2Þ _¼ hP
0
1ðk1ÞP02ðk2Þi
hP1ðk1ÞihP2ðk2Þi
¼ 1
p2R2R1R
2
R2
 
Z
RR1
Z
RR2
hI01ðk1; r1ÞI02ðk2; r2Þi
hI1ðk1ÞihI2ðk2Þi d
2r1d
2r2 ð3Þ
with the electromagnetic wavenumbers k1 and k2 of the measured powers P1
and P2, respectively and d
2r is the area element of integration. The power and
intensity ﬂuctuations are deﬁned as P¢=P ) ÆPæ and I¢=I ) ÆIæ, with Æ...æ
representing the ensemble average (here given by the average over the sample
period). The vectors r1 and r2 describe the receiving apertures in the plane
x=L, with L the length of the propagation path. The intensity I, which, in
our case, originates from an extended source, can be treated in the same way
as the receivers (reciprocity theorem), i.e. as a sum of intensities J from point
sources at positions q (e.g. Ochs and Wang, 1978). The normalised intensity
covariance function (integrand in Equation (3)) is then given by
hI01ðk1; r1ÞI02ðk2; r2Þi
hI1ðk1ÞihI2ðk2Þi ¼
D
R
RT1
d2q1J
0
1ðk1; q1; r1Þ
R
RT2
d2q2J
0
2ðk2; q2; r2Þ
E
D
R
RT1
d2q1J1ðk1; q1Þ
ED
R
RT2
d2q2J2ðk2; q2Þ
E ; ð4Þ
In our application, the sources T1 and T2 are circular transmitters with
radius RT1 and RT2, respectively. A theoretical examination with the well-
known weak ﬂuctuation theory is appropriate because in the mm range,
scintillation is weak. Also at the optical wavelength scintillation is mostly
weak, as both the receiver and the transmitter have large apertures. Never-
theless, as noted in Wang et al. (1978), as well as in Ochs and Hill (1982),
strong scintillation with saturation eﬀects can occur. Therefore, data from
the optical scintillometer that do not satisfy the saturation criteria of Ochs
andHill (1982) andWang et al. (1978) (for our set-up:C2n O 1:4 1014 m)2/3)
have to be rejected as the applied theory is not appropriate.
Interchanging the ensemble averages with the integrals (due to the line-
arity of integration and ensemble average operators), using J / e2v (with v
the log-amplitude, cf. Tatarskii, 1971) in (4) and presuming 4Æv1 (k1, q1, r1)Æ
v2 (k2, q2, r2)æ>1 (due to the weak ﬂuctuation approximation) we obtain:
Bpðk1; k2Þ ¼ 4
p4R2R1R
2
R2R
2
T1R
2
T2
 

Z
RR1
Z
RR2
Z
RT1
Z
RT2
d2r1d
2r2d
2q1d
2q2Bvðk1; k2Þ; ð5Þ
Bvðk1; k2Þ ¼ hv1ðk1; q1; r1Þv2ðk2; q2; r2Þi: ð6Þ
ANDREAS L €UDI ET AL.530
The log-amplitude correlation function Bv (k1, k2) of two electromagnetic
waves, neglecting dispersion eﬀects, propagating through a turbulent med-
ium, is well-known (e.g. Ishimaru, 1978, p. 401). From the latter, the
extension of taking into account the eﬀects of dispersion is straightforward.
It is found for spherical wave propagation that (Hill and Lataitis, 1989)
Bvðk1; k2Þ ¼ 2pk1k2
Z L
0
dx
Z Z
1
1
d2jH  ejjDUn1n2ðjÞ; ð7Þ
H ¼ sin cðL xÞj
2
2k1
 
sin
cðL xÞj2
2k2
 
; ð8Þ
where D=q00+c(r¢¢ ) q00), q00=q1 ) q2, r¢¢=r1 ) r2. Furthermore we have set
c=x/L and j=(jy, jz) is the two-dimensional spatial wavenumber. The
refractive index cospectrum Un1n2ðjÞ is assumed to be locally homogeneous
and isotropic. Note, that absorption-induced ﬂuctuations are not taken into
account in (7) because they are negligible as shown in Appendix B. Due to the
fact that the two transmitters T1 and T2 are centred at diﬀerent locations in
the (x=0)-plane it is convenient to decompose qi for each transmitter by
qi þ q0i, with qi the centre position of the transmitter Ti. Then the integrals
over the transmitter areas
P
T1 and
P
T2 can be solved by
Z
RTi
d2q0ie
jjq0ið1cÞ ¼ 2pR2Ti
J1ðjð1 cÞRTiÞ
jð1 cÞRTi ; i ¼ 1; 2;
where J1 is the Bessel function of the ﬁrst kind of order one. For the same
reason we also decompose ri ¼ ri þ r0i, allowing to solve the integrals over the
receiving apertures SR1 and SR2. The assumption of isotropy allows us to
integrate (7) over direction, i.e.
Z Z
1
1
d2jejjd ¼ 2p
Z 1
0
djjJ0ðjjdjÞ; ð9aÞ
d ¼ ð1 cÞdT þ cdR; ð9bÞ
where J0 is the Bessel function of the ﬁrst kind of order zero, dT ¼ q1  q2 is
the distance between the transmitters, and dR ¼ r1  r2 the separation of the
receivers (cf. Figure 1).
The refractive index cospectrum Un1n2ðjÞ is related to the power spectra of
temperature and speciﬁc humidity ﬂuctuations, FT(j) and Fq(j), and the
temperature–humidity cospectrum FTq(j), by (Hill et al., 1980)
Un1n2ðjÞ ¼ A1A2UTðjÞ þ ðA1B2 þ A2B1ÞUTqðjÞ þ B1B2UqðjÞ: ð10Þ
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The constants Ai and Bi are the same as in Equation (1). In the inertial
subrange of turbulence it is generally accepted that all of the spectra in (10)
are proportional to 0.033j)11/3 (three-dimensional Kolmogorov spectrum)
with the respective structure and cross-structure parameters as the coeﬃ-
cients. Thus
Cn1n2 ¼ A1A2C2T þ ðA1B2 þ A2B1ÞCTq þ B1B2C2q: ð11Þ
For k1=k2, (11) coincides with (1). Note that the dissipation subrange of
turbulence is suppressed due to the use of extended receivers and transmit-
ters. Also the large-scale range (production or input range) of turbulence is
not observable due to the high-pass ﬁltering eﬀect of the expression H (cf.
Equation (8)). Thus, eﬀects of inhomogeneity scales larger than the Fresnel
size
ﬃﬃﬃﬃﬃﬃ
kL
p
of the mm-wave scintillometer (i.e. larger than approximately 4 m)
are suppressed. As the inertial subrange of turbulence extends to consider-
ably larger scales than only 4 m (particularly at 45 m above ground) the
adoption of the Kolmogorov spectrum (/ j)11/3) is reasonable and justiﬁed.
With the refractive cospectrum Un1n2ðjÞ ¼ 0:033Cn1n2j11=3 the expression
for BP ﬁnally becomes:
BPðdÞ ¼ 8:448p2k1k2
Z L
0
dxCn1n2Wðd; xÞ; ð12Þ
where the weighting function W is given by
Wðd; xÞ ¼
Z 1
0
dj j8=3H  F  J0ðjjdjÞ;
F ¼ J1ðjð1 cÞRT1ÞJ1ðjð1 cÞRT2ÞJ1ðjcRR1ÞJ1ðjcRR2Þ
j4RR1RR2RT1RT2ð1 cÞ2c2
;
c ¼ x=L:
Equation (12) describes the covariance function of the power ﬂuctuations
for two extended transmitters with radius RT1 and RT2 separated by dT,
each observed by individual receivers, separated by dR, collecting the
signals through apertures of radius RR1 and RR2, respectively. The dis-
tances dT and dR are related to d by (9). The expression F describes the
averaging eﬀects due to the extended transmitter and receiver apertures.
Let us mention that the aperture averaging eﬀects are signiﬁcant only for
the optical signal. At microwaves, they are negligible since the Fresnel
zone ð ﬃﬃﬃﬃﬃﬃkLp Þ is much larger (by a factor of more than 10) than the
aperture radius.
ANDREAS L €UDI ET AL.532
3.2. WEIGHTING FUNCTIONS
Equation (12) is the basic equation in our analysis to infer meteorological
structure parameters from scintillation. With our measuring set-up (cf. Sec-
tions 1 and 2) we measure three signals, namely the cross-covariance of the
detected power of the two signals at diﬀerent wavelengths and the two
monochromatic variances (k=k2 for d=0 in Equation (12)), yielding path
averaged Cn1n2 , C
2
n1
and C2n2 . The relative weighting of these latter parameters
along the path is described by the weighting function W(d, x) which depends
on d (Equation (9)). In Figure 2 the function W (0, x), normalised to W (0,
x=L/2), for C2n1 and C
2
n2
are shown as dashed-dotted and solid lines,
respectively. The parameters for computing the curves are as in our experi-
ment; L=4.7 km, k1 =940 nm, k2=3.2 mm, RR1 =RT1 =0.075 m and RR2
=RT2 =0.2 m. The signiﬁcant reduction of the weighting function for C
2
n1
close to the receiver and transmitter is due to the fact that the ratio of
aperture radius and Fresnel zone ð ﬃﬃﬃﬃﬃﬃkLp Þ is larger than 1.
The normalised weighting function for Cn1n2 should also be similar to the
former ones, in particular it should be also maximal in the middle of the path.
In addition, in order to have a strong signal, the integral ofW(d, x) should be
as large as possible. These demands are best met by minimising the distance
d. This means that dT and dR should be as small as possible, and the two
beams should cross each other in the middle of the path (where d=0, cf.
Figure 1). Computed weighting functions of Cn1n2 are shown as dotted and
Figure 2. Normalised weighting functions W(d,x) for Cn1n2 for diﬀerent separations of the
receivers and transmitters are shown for relative positions of dT=(0.25, )1) m and dR =(0,
0.5) m (dashed, actual set-up) and dT=)dR=(0, 0.5) m (dotted). Normalised weighting
functions W(0, x) for C2n1 (k=940 nm) andC
2
n2
(k=3.2 mm) are shown as dashed-dotted
and solid lines, respectively.
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dashed lines in Figure 2, The dotted curve results from dT=(0, 0.5) and
dR=(0, )0.5) (metres) and shows the best possible realisation that could be
achieved with our receivers and transmitters. The dashed curve results from
dT=(0.25, )1.0) and dR=(0, 0.5), representing the actual set-up. The
weighting functions of Cn1n2 in Figure 2 are again normalised to W(d=0,
x=L/2), i.e. normalised to the maximum of the dotted curve. The dotted
curve deviates only slightly from the solid curve, thus Cn1n2 would almost be
equally weighted with this conﬁguration as C2n2 . As mentioned above, in our
experiment it was not possible to mount the transmitters perfectly, and the
two beams do not intersect in the middle of the path. Therefore, the maxi-
mum is slightly reduced and shifted toward the receivers. Nevertheless the
maximum of the weighting function for our realisation (dashed curve) is still
close to the middle of the path and all three parameters C2n1 , C
2
n2
and Cn1n2 are
averaged basically over the same air volume.
Replacing C2n1 , C
2
n2
and Cn1n2 by representative mean values along the path
x, Equation (l2) can also be written as
BP ¼
Z
1
0
djGðjÞCn1n2 ; ð13aÞ
GðjÞ ¼ 8:448p2k1k2
Z L
0
dx j8=3H  F  J0ðjjdjÞ: ð13bÞ
The spectral ﬁlter functions G(j) for the optical, the microwave and the
covariance signals are given as dashed, solid and dotted lines, respectively in
Figure 3, showing the relative contribution of inhomogeneity scales to the
Figure 3. Spectral ﬁlter functions forC2n1 (dashed), C
2
n2
(solid) and Cn1n2 (dotted). The refr-
activities n1 and n2 stand for k1=940 nm and k2=3.2 mm, respectively.
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measured signals. At the optical wavelength G(j) extends to higher spatial
frequencies j; therefore the temporal frequency bandpass (before the detec-
tion of the signal) was chosen to be higher than at the other two signals (cf.
Section 2). The ﬁlters G(j) for the microwave and covariance signals are
almost equal. Therefore, we ﬁltered the corresponding measured signals
equally (cf. Section 2).
3.3. METEOROLOGICAL STRUCTURE PARAMETERS FROM C2n1 , C
2
n2
AND Cn1n2
From the measured refractive structure parameters C2n1 , C
2
n2
and Cn1n2 the
meteorological structure parameters, C2T, C
2
q and CTq can be inferred. From
(1) and (11) we obtain
Cp ¼MCs ð14Þ
with
M ¼
A21 2A1B1 B
2
1
A22 2A2B2 B
2
2
A1A2 ðA1B2 þ A2B1Þ B1B2
0
@
1
A;
where Cs and Cp are vectors with components ðC2T, CTq, C2qÞ and (C2n1 , C2n2 ,
Cn1n2 ), respectively, Equation (14) can be inverted if
det½M ¼ A31B32 1
A2B1
A1B2
 3
6¼ 0; ð15Þ
requiring (A2B1)/(A1B2) „ 1. In the optical region we determined the
wavelength-dependent parameters Ai and Bi with expressions given in
Andreas (1988) and in the mm-wavelength region we used the Millimeter-
Wave Propagation Model (MPM93) of Liebe et al. (1993). MPM93, also
known as the ‘‘Liebe Model’’, was recently experimentally validated at
94 GHz and good agreement between the modelled data and the observa-
tions was found for the clear atmosphere (Martin et al., 2000). For the
present wavelengths and typical meteorological conditions (T=20 C,
P=1000 hPa and 90% relative humidity) the ratio (A2B1)/(A1B2)=)0.01.
The inverse matrix M)1 is given by
M1 ¼ 1ðA1B2  A2B1Þ2
B22 B
2
1 2B1B2
A2B2 A1B1 ðA1B2 þ A2B1Þ
A22 A
2
1 2A1A2
0
@
1
A: ð16Þ
Consequently, there exists an unambiguous solution for C2T;C
2
q and CTq,
found from measurements of C2n1 , C
2
n2
and Cn1n2 given by
Cs ¼M1Cp ð17Þ
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4. Sensitivity Analysis
In this section we consider how measurement uncertainties of C2n1 , C
2
n2
and
Cn1n2 aﬀect the parameters C
2
T, C
2
q and CTq. As already mentioned in Section
1, the ‘‘three-wavelength method’’ (Phelps and Pond, 1971; Andreas, 1990;
Hill et al., 1988; Hill, 1997) is the only alternative for measuring path-aver-
aged structure parameters, C2q, C
2
T and CTq. In Andreas (1990) a detailed
sensitivity analysis of the ‘‘three-wavelength method’’ was carried out. In
order to compare the two methods, we performed an analogous sensitivity
analysis and use (as far as possible) the same nomenclature.
From (17) it is seen that uncertainties in the measured Cpj aﬀect each of
the meteorological structure parameters. With the notation already intro-
duced above the absolute uncertainty of Csi can be expressed as
dCsi ¼
X
3
j¼1
@Csi
@Cpj
dCpj: ð18Þ
However, it is better to consider the relative uncertainties since the Cp values
can range over several orders of magnitude. Therefore (18) is modiﬁed to
(Andreas, 1990)
dCsi
Csi
¼
X
3
j¼1
Sij
dCpj
Cpj
; ð19Þ
Sij ¼ Cpj
Csi
@Csi
@Cpj
; ð20Þ
where dCsi/ Csi is the relative uncertainty of the computed meteorological
structure parameter, and dCpj/ Cpj is the relative uncertainty of the measured
refractivity structure parameter. In the following the non-dimensional sen-
sitivity coeﬃcients Sij will be referred to as STj, Sqj and STqj (j=1,. . ., 3). As
shown by Andreas (1990) the sensitivity coeﬃcients can be expressed as
functions of the Bowen ratio Bo and the temperature–humidity correlation
coeﬃcient rTq, deﬁned in (2). The Bowen ratio Bo is an important parameter
to understand the sensitivity S; Bo is deﬁned as the ratio of the sensible to the
latent heat ﬂuxes. Since Bo has the same sign as CTq and
Bo2 ¼ ðcphwTiÞ2=ðLvhwqiÞ2 ¼ ðc2pC2TÞ=ðL2vC2qÞ it follows (Andreas, 1990)
Bo ¼ sgn½CTq
K
ﬃﬃﬃﬃﬃﬃ
C2T
C2q
s
; ð21Þ
where w, T and q are, respectively, the vertical wind velocity, temperature and
speciﬁc humidity ﬂuctuations. Further,K=Lv/cp, where cp is the speciﬁc heat of
air at constant pressure, andLv is the latent heat of vaporisationor sublimation,
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Strictly speaking, the assumption of hwTi2=hwqi2 ¼ C2T=C2q leading to (21) is
only absolutely correct when Monin-Obukhov similarity is valid. With the
computed sensitivity functions we know what the relative uncertainties in C2T,
C2q and CTq will be for given relative uncertainties in the measured refractive
index structure parameters. The derivations of the sensitivity functions are
straightforward (see alsoAndreas, 1990), and their explicit expressions are given
in Appendix A. They are shown as a function ofBo in Figures 4 and 5. Figure 4
shows the curves for ST and Sq, respectively, with |rTq|=1, where the curves are
computed for typical meteorological conditions; T=20 C, P=1000 hPa and
relative humidity of 90%, as also chosen by Andreas (1990). The sensitivity
coeﬃcients depend only weakly on the meteorological conditions.
If the |S| values are larger than 1, the resulting error in the meteorological
structure parameter is accordingly larger than the measured refractivity
structure parameters. If theS value is close to zero, the respectivemeasure ofCpj
is not sensitive to the meteorological structure parameter Csi under consider-
ation. Thus, in general, optimum measurements can be made by having two S
values close to 0 and the other value close to 1 (or )1).
From the sensitivity functions STj (cf. Figure 4, upper panel) it is seen that
C2T is well measurable when jBojJ0:05: In this range (except for )0.2 K
Bo K ) 0.05) ST1 (from the optical scintillometer) is close to 1 whereas the
other two STj are close to 0. Only for |Bo|K 0.05 is C2T is scarcely measurable,
This was also found with the ‘‘three-wavelength method’’ (Andreas, 1990).
From the sensitivity functions Sqj (cf. Figure 4, lower panel) it is seen that
the information is primarily encountered in the microwave signal, as Sq2 is
approximately 1, whereas the others are mostly close to 0. The structure
parameter C2q can be well measured since |Bo|K 3; otherwise larger errors in
C2q have to be taken into account. In this respect the ‘‘three-wavelength
method’’ is worse as it is more limited to the range |Bo|<0.5 (Andreas, 1990).
From the sensitivity functions STqj (cf. Figure 5, upper panel) it is seen that
CTq is much more diﬃcult to measure than the other two meteorological
structure parameters. According to STq1 and STq2 for |Bo|<1 even small errors
inC2n1 andC
2
n2
result in large errors inCTq. Measurement errors inCn1n2 are not
so critical because |STq3| is small. However, our method can be well used in the
two windows around 1<|Bo|<10 with |rTq|=1. The lower panel of Figure 5
shows that these two ranges become narrower when |rTq| is smaller.
We also tested other wavelength combinations, in particular the combination
with an infrared signal from the window of k=7.8–19 lm. When we pair a
visible-to-near infrared signal with the latter, the resultingmeasurability ofCTq
is completely useless. A little better, but still more-or-less useless, and much
worse than our combination, is the combination of a millimeter signal with an
infrared signal from the above mentioned window. This shows that even
thoughour sensitivity formeasuringCTq is not exhilarating, it cannot simply be
improved by choosing other wavelength combinations.
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5. Measurement Results and Discussion
In order to determine CTq, we ﬁnd from the results of the previous section
that uncertainties in Cn1n2 measurements are rather uncritical, but errors in
C2n1 and C
2
n2
values should be very small. Due to the fact that these structure
parameters are averaged over a long path length of several kilometres,
Figure 4. The sensitivity coeﬃcients ST (upper panel) and Sq (lower panel) for the two
wavelengths k1=940 nm, k2=3.2 mm and for |rTq|=1. Environment conditions are
T = 20 C, relative humidity of 90% and P=1000 hPa.
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already with rather short averaging times of 10 min the statistical errors of
C2n1 and C
2
n2
are small. Similarly as speciﬁed by Scintec for the commercial
BLS900 instrument, we found experimentally that our optical scintillometer
reaches the noise limit at C2n  5 1017 m)2/3. With typical daytime values
of C2n  5 1015 m)2/3 (cf. Figure 6) this corresponds to a measurement
uncertainty of approximately 1%. Even smaller are the statistical measure-
ment errors in C2n2 ; the noise limit of the microwave scintillometer was found
Figure 5. The sensitivity coeﬃcients STq for |rTq|=1 (upper panel) and for |rTq|=0.5 (lower
panel). All other parameters are the same as in Figure 4.
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to be considerably lower than 10)15 m)2/3. As typical measurement values are
around 10)13 m)2/3 (cf. Figure 6) the errors are smaller than 1%. The
uncertainty of Cn1n2 , derived from the cross-covariance, is larger. It also can
be estimated experimentally: the cross-covariance between the two signals
should disappear when they are correlated with a time lag. As measurements
are not perfect the time-lagged cross-covariance does not absolutely disap-
pear but reaches the noise limit, corresponding to Cn1n2  3 1015 m)2/3.
With typical Cnln2 values (cf. Figure 6) around midnight and midday (±1.5 ·
10)14 m)2/3) this corresponds approximately to statistical errors of 20%. Let
us note that this value is in good agreement with the theoretical expectation
of the signal-to-noise ratio of the bichromatic correlation (bichromatic
Figure 6. Median (squares) and mean (circles) diurnal cycle of C2n1 (panel a), C
2
n2
(panel b),
Cn1n2 (panel c) and the correlation coeﬃcient rTq (panal d). The dashed cures are median
(asterisk) and mean (triangle) values derived by eddy-covariance techniques. The local mid-
day is at 1100 UTC.
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covariance BP divided by the square root of the two monochromatic vari-
ances): the bichromatic correlation was computed numerically and was found
to be 0:04rn1n2 , where rn1n2 ¼ Cn1n2=ðC2n1C2n2Þ1=2 with values between )1 and
+1. With the above mentioned signal-to-noise ratio of C2n1 and C
2
n2
being at
least 100 and 200, respectively the detection limit of the bichromatic corre-
lation is then (1/2)(1/100+1/200) 0.007. Thus, this limit is at least ﬁve times
smaller than the bichromatic correlation (since jrn1n2 j is not vanishing), which
corresponds well to the empirically found error of Cn1n2 of 20%.
For the quantiﬁcation of the temperature–humidity correlation the
parameter rTq, deﬁned in (2), is best suited. This parameter and the measured
refractivity structure parameters are shown in Figure 6 as mean (circles) and
median (squares) diurnal cycles for the whole measuring campaign (15 April
2003 to 29 May 2003). Panel a shows C2n1 from the optical scintillometer; as
expected (e.g. Wesely and Alcaraz, 1973), the optical scintillation is high
around midday (1100 UTC) and disappears almost around sunrise (0600
UTC) and sunset (1700 UTC). During the night C2n1 is again large. The
refractivity structure parameter for microwaves has a less distinct diurnal
cycle (Figure 6, panel b). In general C2n2 is larger during daytime. Compared
to the optical structure parameter, C2n2 is larger by more than one order of
magnitude, caused by atmospheric humidity ﬂuctuations. For both structure
parameters the mean values (circles) are slightly larger than the median
values (squares) because these structure parameters obey a log-normal rather
than a normal distribution (e.g. Lu¨di and Magun, 2005 and references
therein).
One of our key parameters, the cross-structure parameter Cn1n2 , derived
from cross-correlating the optical and microwave signals, is shown in panel c.
Obviously Cn1n2 again has a characteristic diurnal cycle, being negative during
daytime and positive during nighttime.
From these refractive parameters and mean meteorological quantities
(measured at 40 m height, next to the transmitters), the meteorological
structure parameters and rTq (Equation (2)) can be derived (cf. Section 3.3).
From panel d (Figure 6) it is seen that the correlation between humidity and
temperature ﬂuctuations also has a clear diurnal cycle: the T ) q correlation
is high and positive during daytime and negative during nighttime. The anti-
correlation during nighttime seems to be less pronounced than the positive
daytime correlation. From 19 May 2003 to 18 June 2003 in situ ﬂuctuation
measurements were performed at the 50 m level of the meteorological tower
using a sonic anemometer-thermometer and an infrared hygrometer.
Therefrom, rTq has also been determined by applying the eddy-covariance
method, and is shown as dashed curves in Figure 6d. The triangles and the
asterisks indicate the mean and median values, respectively. Obviously, the in
situ measured correlation coeﬃcients are very similar to those derived by
scintillometry, and the small diﬀerences are probably due to the diﬀerent
DETERMINATION OF TURBULENT TEMPERATURE 541
measurement periods. Of particular interest is also the fact that again the
nighttime anti-correlation is less pronounced than the daytime positive cor-
relation. Similar diurnal cycles of rTq were also observed by other in situ
investigations using eddy-covariance instruments (e.g. Andreas et al., 1998).
The determined values of rTq of all usable 10-min samples are shown in
Figure 7 as a function of Bo. As rTq is not directly measured, but computed
from CTq, C
2
q and C
2
T that are contaminated with errors, some unphysical
values of |rTq| larger than 1 are seen in Figure 7. The Bowen ratio can be
determined by measuring temperature and humidity at two heights, and
approximating this ‘‘gradient-Bo’’ by (Andreas et al., 1998)
Bo ¼ cpðT2  T1Þ
Lvðq2  q1Þ : ð22Þ
For determining the temperature and humidity gradients necessary for the
application of (22) we used data from psychrometer measurements at 2, 10,
and 40 m above the ground, We derived Bo from the measurements at 2 and
40 m. For |Bo|>0.2, we used only those values that were equal within a
factor of 2 with Bo derived from the other two height combinations.
Figure 7. Determined correlation coeﬃcients rTq versus the Bowen ratio Bo. For most
points (crosses) Bo was determined by Equation (22). During the period from 19 to 29 May
2003, Bo was also derived from eddy-covariance measurements of the sensible and latent
heat ﬂuxes at 50 m height (circles).
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As mentioned above, starting on May 19, 2003, direct wind, temperature
andhumidity ﬂuctuationmeasurementswere performed at the 50-m level of the
meteorological tower. From these measurements, turbulent ﬂuxes of sensible
and latent heat have been determined using the eddy-covariance method, and
theBo ratiowas directly calculated from the ﬂux data (bold dots inFigure 7).A
comparison between the latter Bo and the ‘‘gradient-Bo’’ (Equation (22))
showed that the gradient-Bo is reasonably accurate. As expected from the
foregoing sensitivity analysis in Section 4, the scatter of rTq for individual
measurements is large, especially for |Bo|K 1. Some scatter is likely also due to
the fact that the point measure of Bo is not representative for the whole
propagation path,Nevertheless, a clear relation between rTq andBo can bewell
observed: the correlation coeﬃcient rTq is close to zero for small |Bo| and rises
toward 1 for larger Bo. For negative Bo the coeﬃcient rTq becomes also neg-
ative. This ﬁnding is substantiated in Figure 8 where we divided all measure-
ment values into classes of Bo ranges and evaluated the data in each class
statistically. For |Bo|<1 the class were chosen in steps of 0.2; for |Bo|‡ 1 the
classes were chosen in steps of 1.0. The mean values (circles in Figure 8) of rTq
for each class rise steadily from )0.6 for Bo<)2 to zero at small |Bo| and to
rTq=0.8 for Bo>2. The vertical bars indicate the statistical errors of the mean
values (standard deviation divided by the square root of the number of mea-
surements), which are in the order of 0.05. (cf. Table I). The median values
Figure 8. Mean values (circles), their statistical errors (vertical bars) and median values
(squares) of rTq for Bo classes. The numerical values are summarised in Table I.
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(squares) are also shown in Figure 8. The latter ones and the mean values are
basically equal to within the statistical errors, indicating that rTq seems to be
normally distributed, This was also conﬁrmed by the fact that the higher
moments (particularly the skewness) were close to zero for each sample
population of theBo-Classes. Of particular interest is the fact that the three rTq
values at Bo>1 are equal within the error bars, namely rTq=0.78±0.01,
rTq=0.78±0.04, and rTq=0.74±0.03, indicating that rTq reaches an upper
limit. Also for negativeBo the anti-correlation reaches aminimal value: the two
rTq values at Bo<)2 are also equal within the error bars, i.e. rTq=)0.64±0.04
and rTq=)0.56±0.05. Obviously, as already mentioned above, the negative
correlation is less pronounced. All measurement points in Figure 8, including
the statistical errors, are summarised in Table I.
Even though there are quite large uncertainties in the behaviour and
absolute values of rTq, there do not exist many investigations into the cor-
relation of temperature–humidity ﬂuctuations. In general, it is believed that
when sensible and latent heat ﬂuxes have the same direction (i.e. Bo>0), the
correlation between humidity and temperature ﬂuctuations is positive. On
the other hand, when sensible and latent heat ﬂuxes have an opposite ﬂow-
direction (i.e. Bo<0), humidity and temperature ﬂuctuations are anti-cor-
related. In a ﬂow that strictly obeys MOST, the correlation coeﬃcient
TABLE I
Summary of the statistically averaged rTq values in Bo classes. rTq and ÆrTqæ are the mean
and median values of rTq, respectively, S is the standard deviation, Sr ð¼ S=
ﬃﬃﬃ
n
p Þ is the
mean error of the mean value and n is the number of measurements.
Bo rTq ÆrTqæ S Sr n
<)3 )0.559 )0.507 0.495 0.045 123
)3.0–2.0 )0.639 )0.623 0.479 0.035 191
)2.0–1.0 )0.507 )0.513 0.506 0.027 340
)1.0–0.7 )0.581 )0.573 0.519 0.039 176
)0.7–0.5 )0.387 )0.474 0.525 0.044 141
)0.5–0.3 )0.397 )0.489 0.649 0.059 118
)0.3–0.1 )0.292 )0.446 0.678 0.049 188
)0.1–0.1 )0.041 )0.188 0.756 0.040 357
0.1–0.3 0.385 0.416 0.600 0.032 356
0.3–0.5 0.593 0.679 0.481 0.023 435
0.5–0.7 0.707 0.754 0.302 0.017 288
0.7–1.0 0.723 0.759 0.275 0.019 199
1.0–2.0 0.781 0.808 0.164 0.012 188
2.0–3.0 0.781 0.825 0.179 0.040 20
‡ 3 0.744 0.809 0.191 0.029 45
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between any two conservative scalars should be ±1 (Hill, 1989). However,
this is not always true, and MOST can be violated (Hill, 1989; Andreas et al.,
1998). It is thought that scalar–scalar correlations, such as rTq, are especially
sensitive indicators of deviations from MOST (Hill, 1989). Over the metre-
scale heterogeneous landscape ‘‘Sevilleta’’, Andreas et al. (1998) measured
with an in situ eddy-covariance instrument values of rTq being 0.8 or less with
a mean value of 0.76 for daytime measurements. Consequently it was con-
cluded that violations of MOST are due to the metre-scale heterogeneity of
the Sevilleta. The heterogeneity at our test site is higher than at the Sevilleta,
as the dominant heterogeneity scales are in the order of hundreds of metres.
Nevertheless our measured values of rTq are similar. The mean value of rTq of
0.8 for large Bo is slightly larger than their 0.76.
From other investigations, there exist several hypotheses to explain the
non-perfect temperature–humidity correlation observed elsewhere (cf.
Priestley and Hill, 1985; De Bruin et al., 1993; Andreas et al., 1998). In our
case, the explanation of Andreas et al. (1998) for the Sevilleta landscape
appears to be most plausible, as the heterogeneity leads to distributed heat
and moisture sources that cannot produce temperature and humidity ﬂuc-
tuations with perfect correlation.
Finally, as mentioned in the introduction, let us close this section by
noting that measured rTq (or CTq) lead to better estimates of C
2
T and C
2
q,
yielding more accurate heat ﬂux estimates. For daytime non-stable stratiﬁ-
cation (rTq>0, Bo>0), C
2
T and C
2
q, was determined by the conventional two
wavelength method (assuming rTq=1) and was compared to the respective
structure parameters determined by our method, The more rTq deviates from
1 the worse is the estimation by the two-wavelength method. Assuming
rTq=1 instead of rTq=0.8 leads to an overestimation of C
2
q by a factor of
around 1.16 and an underestimation of C2T, by a factor of 1.03. For values of
rTq between 0.4 and 0.6 the conventional method leads to a C
2
q overestimation
and C2T underestimation by factors of 1.25 and 1.1, respectively. For rTq
smaller than 0.4 the overestimation of C2q remains approximately around a
factor of 1.25 but the underestimation of C2T is raised to a factor of 1.2.
The fact thatC2q is notablyoverestimatedby the two-wavelengthmethod, even
when the deviation fromperfect positive rTq correlation is only small (rTq  0.8),
can perhaps partly explain the conclusions of Beyrich et al. (2004) – that is, that
conventionally derived scintillometric latent heat ﬂuxes in Lindenberg have been
found to be signiﬁcantly larger than respective in situmeasurements.
6. Conclusion
We investigated theoretically and experimentally the measurability of CTq
and rTq by cross-correlating the detected signals of an optical and a
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microwave scintillometer. For the ﬁrst time (as far as we know), it was
possible to measure path-averaged correlations of temperature–humidity
ﬂuctuations. Compared to the traditional two-wavelength method the
necessary instrumental modiﬁcations are marginal. Hence, in comparison
to the suggested three (or more) wavelength method by Andreas (1990),
which also measures path-averaged CTq values, our method is less
expensive and simpler in set-up. However, unlike the preliminary hopes
mentioned in Lu¨di (2002), the sensitivity analysis showed that our method
does no better in measuring CTq than the three-wavelength method.
Therefore, the errors in individual measurements can be large. The cor-
relation of temperature–humidity ﬂuctuations derived by scintillometry
was compared to that derived by eddy-covariance, and good agreement
was found. Our results are similar to those found over the (metre-scale)
heterogeneous Sevilleta by Andreas et al. (1998), as rTq fell to )0.6 for Bo
smaller than )2 and rose to a value of 0.8 for Bo>1. The statistical errors
in the averaged rTq in each Bo class are approximately 0.05, which is quite
small.
The fact that rTq is smaller than 1 shows that our observations violate
MOST. However, the quite large temperature–humidity (anti-)correlation
for |Bo| >1 also indicates that MOST is not seriously violated, as also
concluded for the Sevilleta data (Andreas et al., 1998). Therefore, in order
to infer heat ﬂuxes from scintillometer observations made over heteroge-
neous landscapes, the similarity functions of MOST might still be appli-
cable. However, when the common two-wavelength method is used, we
suggest that non-perfect correlation of temperature–humidity ﬂuctuations
should be presumed. For Lindenberg and for similar landscapes (as
encountered in large parts of northern central Europe south of the Baltic
Sea) the function found in Figure 8 (and Table I) may serve as a reference
function.
Appendix A. Sensitivity Functions
The explicit form of the sensitivity functions shown in Figures 4 and 5 are
given below:
ST1 ¼
ðA21 þ 2 A1B1jrTqjKBo þ
B2
1
K2Bo2
ÞB22
ðA1B2  A2B1Þ2
; ðA1Þ
ST2 ¼
ðA22 þ 2 A2B2jrTqjKBo þ
B2
2
K2Bo2
ÞB21
ðA1B2  A2B1Þ2
; ðA2Þ
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ST3 ¼ 2

A1A2 þ ðA1B2þA2B1ÞjrTqjKBo þ B1B2K2Bo2

B1B2
ðA1B2  A2B1Þ2
; ðA3Þ
STq1 ¼ 
ðA21BoKjrTqj þ 2A1B1 þ
B1
jrTqjBoKÞA2B2
ðA1B2  A2B1Þ2
; ðA4Þ
STq2 ¼ 
ðA22BoKjrTqj þ 2A2B2 þ B2jrTqjBoKÞA1B1
ðA1B2  A2B1Þ2
; ðA5Þ
STq3 ¼
ðA1A2BoKjrTqj þ A1B2 þ A2B1 þ
B1B2
jrTqjBoKÞðA1B2 þ A2B1Þ
ðA1B2  A2B1Þ2
; ðA6Þ
Sq1 ¼ ðA
2
1K
2Bo2 þ 2A1B1jrTqjKBoþ B21ÞA22
ðA1B2  A2B1Þ2
; ðA7Þ
Sq2 ¼ ðA
2
2K
2Bo2 þ 2A2B2jrTqjKBoþ B22ÞA21
ðA1B2  A2B1Þ2
; ðA8Þ
Sq3 ¼ 2 ðA1A2K
2Bo2 þ ðA1B2 þ A2B1ÞjrTqjKBoþ B1B2ÞA1A2
ðA1B2  A2B1Þ2
: ðA9Þ
B. Absorption-induced Fluctuations
Sensitive to possible absorption-induced ﬂuctuations are the mm-wave var-
iance, yielding C2n2 , and the cross covariance, yielding Cn1n2. In order to
estimate the inﬂuence of absorption on scintillation at 94 GHz, the analysis
of Nieveen et al. (1998) and Hill et al. (1980) are useful. The variance of the
detected signal can be regarded as the sum of three variances, namely r2R due
to the real part n of the refractive-index ﬂuctuations; r2I , due to the imaginary
part m of the refractive-index ﬂuctuations; and rIR, due to the covariance of
the real and imaginary parts of the refractive-index ﬂuctuations. (In Nieveen
et al. (1998) the latter was not considered.) They are given by
r2R ¼ 8:448p2k1k2
Z L
0
dx
Z 1
0
dj j8=3  F  A; ðB1Þ
r2I ¼ 8:448p2k1k2
Z L
0
dx
Z 1
0
dj j8=3  F  B; ðB2Þ
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rIR ¼ 8:448p2k1k2
Z L
0
dx
Z 1
0
djj8=3  F  C; ðB3Þ
with
A ¼ sin cðL xÞj
2
2k1
  2
C2n; ðB4Þ
B ¼ cos cðL xÞj
2
2k1
  2
C2m; ðB5Þ
C ¼ 2 cos cðL xÞj
2
2k1
  
sin
cðL xÞj2
2k1
  
Cnm; ðB6Þ
where k1=k2 is the wavenumber of the mm wave. All parameters are
deﬁned as in Section 3. Neglecting temperature ﬂuctuations, the compu-
tation (with MPM93 and the in situ meterological data) of the ratios
C2m=C
2
n and Cnm=C
2
n are found to be smaller than 4 · 10
)7 and 6 · 10)4,
respectively. The boundaries of the integration over the spatial wave
number j, in (B.1) to (B.3) can be narrowed by temporal ﬁltering of the
measured signal with an appropriate band-pass ﬁlter (cf. Section 2). In our
experiment the integration boundaries are approximately at j @ 0.04 and
20 m)1, respectively, and with these integration limits it is found that
r2I=r
2
R. 0:0003 and rIR=r2R. 0:001. Thus, absorption eﬀects at the mm-
wave variance can be safely neglected. The same was found by Wouter
Meijninger (personal communication, 2004) who also computed the
absorption eﬀects at 94 GHz, following Nieveen et al. (1998). The small
inﬂuence of absorption at 94 GHz is due to the fact that this frequency is
in an atmospheric absorption window.
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